Abstract Diffusion tensor imaging (DTI) studies have shown that prenatal exposure to methamphetamine is associated with alterations in white matter microstructure, but to date no tractography studies have been performed in neonates. The striato-thalamo-orbitofrontal circuit and its associated limbicstriatal areas, the primary circuit responsible for reinforcement, has been postulated to be dysfunctional in drug addiction. This study investigated potential white matter changes in the striatal-orbitofrontal circuit in neonates with prenatal methamphetamine exposure. Mothers were recruited antenatally and interviewed regarding methamphetamine use during pregnancy, and DTI sequences were acquired in the first postnatal month. Target regions of interest were manually delineated, white matter bundles connecting pairs of targets were determined using probabilistic tractography in AFNI-FATCAT, and fractional anisotropy (FA) and diffusion measures were determined in white matter connections. Regression analysis showed that increasing methamphetamine exposure was associated with reduced FA in several connections between the striatum and midbrain, orbitofrontal cortex, and associated limbic structures, following adjustment for potential confounding variables. Our results are consistent with previous findings in older children and extend them to show that these changes are already evident in neonates. The observed alterations are likely to play a role in the deficits in attention and inhibitory control frequently seen in children with prenatal methamphetamine exposure.
Introduction
The abuse of methamphetamine is one of the most rapidly growing drug problems worldwide (Panenka et al. 2013) , with particularly high prevalence in East and South-east Asia and Oceania (UNODC 2017a). Studies suggest that it is second only to marijuana in global use (Courtney and Ray 2014; UNODC 2017b) . The rate of methamphetamine dependence among adult women in southern sub-Saharan Africa is equivalent to the global rate (0.18%) (Degenhardt et al. 2014) . Within the Cape Coloured community of the Western Cape, the rate of methamphetamine (Btik^) abuse is the highest in South Africa (Peltzer et al. 2010 ); 35-43% of patients seeking treatment for drug abuse report it as their primary drug (Meade et al. 2015) . Methamphetamine is a potent psychostimulant, exerting its effects primarily on the central nervous system (CNS) by altering the release and activity of the monoaminergic neurotransmitters, dopamine, norepinephrine and serotonin (Riddle et al. 2006) . Although the mechanisms of action of methamphetamine are not fully understood, a large body of preclinical and clinical literature has demonstrated its neurotoxicity. Structural and metabolic alterations in a number of brain areas, including the basal ganglia (Chang et al. 2005) , hippocampus (Thompson et al. 2004) , amygdala (Orikabe et al. 2011) , thalamus (Volkow et al. 2001 ) and a range of cortical regions (London et al. 2005) , have been observed in both current and abstinent users, and several studies have shown an association between methamphetamine-induced neurostructural damage and altered cognitive or affective function (Thompson et al. 2004; Tanabe et al. 2009) .
A multi-site study in the United States estimated the incidence of methamphetamine use by pregnant women at over 5% (Arria et al. 2006 ). In the Cape Flats region of the Western Cape, South Africa, a recent study found that 8.1% of pregnant women had used methamphetamine within the last 3 months (Petersen Williams et al. 2014) . Methamphetamine causes vasoconstriction and reduced placental blood flow (Stek et al. 1995) . It is associated with increased placental weight and surface area, a possible consequence of chronic hypoxia (Carter et al. 2016 ), a condition that has been observed in the methamphetamine-exposed fetus (LaGasse et al. 2011) . A range of adverse perinatal effects on both mother and infant have been associated with methamphetamine use in pregnancy, including higher incidence of gestational hypertension and preeclampsia and increased risk of fetal and neonatal death (Gorman et al. 2014) . Gestational age at birth has been observed to be lower in exposed infants (Nguyen et al. 2010) , with an increased risk of preterm birth (Ladhani et al. 2011) . Methamphetamine exposure has also been shown to be associated with smaller size at birth (Nguyen et al. 2010; Ladhani et al. 2011) , and lower birth weight (Ladhani et al. 2011) .
In the light of the above-mentioned effects and the welldocumented neurotoxicity of methamphetamine in adult abusers, it is reasonable to hypothesize that exposure during the neurologically vulnerable prenatal period might induce potentially severe and long-term neurostructural alterations. CNS growth and development is rapid and complex during gestation (Dubois et al. 2014) , and the influence of a highly neuroactive drug such as methamphetamine might well be expected to induce significant structural modifications.
Diffusion tensor imaging (DTI) is a neuroimaging modality that enables visualisation and characterisation of white matter within the CNS by analysing the three-dimensional diffusion of water molecules within fibre bundles (Feldman et al. 2010) . From the extracted data several measures of the structural integrity of the white matter bundles and their component axons can be determined. Axial diffusivity (AD) is a measure of the diffusion of water molecules in the direction parallel to the white matter fibres, while radial diffusivity (RD) measures perpendicular movement. The most widely used measure of water movement is fractional anisotropy (FA), which represents the normalised variance of the total diffusivities (Assaf and Pasternak 2008) . Higher FA indicates diffusion that is primarily in a direction parallel to the longitudinal axis of the white matter fibre bundles (Feldman et al. 2010 ) and is generally regarded as a marker of more healthy, highly structured or mature white matter (Alexander et al. 2007) .
Information from DT images relating to the directionality and alignment of water diffusion can be used by tractography algorithms to estimate the locations of white matter (WM) fibre bundles within the brain (Assaf and Pasternak 2008) . Tractography is often performed by defining one or more target regions of interest (ROIs), among which the most likely locations of WM connections (WMCs) are calculated; then, the average properties of the connections can be compared statistically both at the network and per-connection level. Diffusion measures within a fibre bundle have been shown to indicate functional impairment in pathologies that affect the microstructure and organisation of CNS white matter, such as multiple sclerosis, Alzheimer's disease and temporal lobe epilepsy (Alexander et al. 2007) , and DTI is a valuable tool for investigating and quantifying the extent and nature of these effects.
An appreciable body of evidence shows significant effects of methamphetamine use on diffusion measures. Recently abstinent methamphetamine users exhibit reduced FA in frontal cortical regions (Alicata et al. 2009; Tobias et al. 2010) and in the genu of the corpus callosum (CC) (Kim et al. 2009; Tobias et al. 2010) , and higher AD and RD have been noted in the caudate and putamen of methamphetamine users (Alicata et al. 2009 ).
In the light of these findings, it is reasonable to hypothesise that prenatal methamphetamine exposure might exert similar deleterious effects on CNS structure in the exposed fetus. There is a sparsity of DT imaging literature examining such effects, however, and the results to date are inconsistent. Lower FA and increased AD and RD were observed in white matter tracts passing through striatal, limbic and frontal cortical regions of 6-to 7-year-old children with prenatal methamphetamine exposure (Roos et al. 2015 ). An investigation of infants with combined methamphetamine/tobacco exposure demonstrated reduced FA in superior, anterior and posterior corona radiata, with increased diffusivity in these regions (Chang et al. 2016) . In a study of 9-to 11-year-old children, however, prenatal exposure was associated with higher FA in the genu of the CC, corona radiata and internal and external capsules (Colby et al. 2012) , and similar results were observed in a voxel-based study of a 3-to 4-year-old cohort, which noted increased FA and reduced diffusivity in genu and splenium of the CC, frontal and parietal white matter and the basal ganglia ).
There is thus agreement in the literature that in utero exposure to methamphetamine induces significant and enduring effects on CNS white matter, but the precise nature of these changes is not clear. Moreover, to date there are no published studies of DT tractography in neonates with prenatal methamphetamine exposure. Children born to women who abuse methamphetamine are almost invariably exposed to a suboptimal postnatal rearing environment (Nguyen et al. 2010) , which is likely to have strong effects on neural development. Investigations of neonatal cohorts permit a cleaner separation of substance exposure effects from the potential confounding influences of the postnatal environment.
The orbitofrontal cortex (OFC) plays a fundamental role in stimulus-reinforcement and reversal learning and thus in modulating motivational, emotional and social behaviour (Rolls 2004) , and is essential in the processes underlying inhibitory control and goal-directed behaviour (Cole et al. 2012) . It projects primarily to the ventral striatum, which consists of the nucleus accumbens, ventral putamen and ventromedial caudate nucleus (Haber et al. 1995) , as well as to the head and body of the caudate (Haber et al. 1995) and convergence zones within the caudate and putamen in the dorsal striatum (Jarbo and Verstynen 2015) . The ventral striatum also receives input from the hippocampus and areas associated with the limbic regions, such as the amygdala and ventral tegmental area in the midbrain (Nakano 2000) . As the primary circuit responsible for reinforcement, the striato-thalamoorbitofrontal circuit, with its associated limbic-striatal areas, has been postulated to be dysfunctional in drug addiction and to mediate the compulsive drug-seeking behaviour noted in addicted subjects (Volkow and Fowler 2000) .
A considerable body of evidence demonstrates alterations in components of this system following prenatal exposure to methamphetamine. Mice exposed to methamphetamine in utero showed significantly increased impulsivity, reduced inhibitory control and heightened motivation for reward (Lloyd et al. 2013) , behavioural characteristics which mimic core symptoms of addiction in humans and may indicate dysfunction in the striato-frontal cortex circuits. Similarly, children with prenatal methamphetamine exposure have been shown to have reduced caudate, putamen and hippocampal volumes (Chang et al. 2004) as well as reduced volume of the pars opercularis (Roos et al. 2014 ), a frontal cortical region which is associated with inhibitory control (Aron et al. 2004) . Methamphetamine-exposed children exhibit altered metabolism in the striatum (Smith et al. 2001) and lower activation in the OFC and putamen during the performance of a working memory task (Roussotte et al. 2011) .
In a previous whole-brain network-based analysis of a cohort of South African children with and without prenatal methamphetamine exposure, we found altered diffusivity and reduced FA in the three major classes of white matter tracts (commissural, projection and association fibres), indicating a generalised effect of methamphetamine exposure on white matter microstructure (Warton et al., unpublished work). The current study was designed to extend these findings by examining white matter fibre bundles forming part of the corticostriatal and mesolimbic connections between OFC and subcortical regions of interest (ROIs) which had previously been manually defined in this cohort. It was hypothesised that prenatal methamphetamine exposure would be associated with microstructural alterations within these connections.
Methods

Study sample
The sample consisted of infants born to women from the Cape Coloured (mixed ancestry) community from Cape Town, South Africa, where there is a very high prevalence of methamphetamine use among disadvantaged pregnant women (Petersen Williams et al. 2014) . They were selected from a larger prospective longitudinal study of prenatal alcohol and drug exposure on infant development (Taylor et al. 2015; Carter et al. 2016; Jacobson et al. 2017 ). The exposed group was comprised of infants with prenatal exposure to methamphetamine, while the control group consisted of infants from the same community without methamphetamine exposure and with minimal or no exposure to alcohol or other drugs of abuse in utero.
Pregnant women were recruited following antenatal care bookings at two midwife obstetric care units in the community. They were interviewed three times during pregnancy with regard to their use of methamphetamine and other drugs (days/month) and cigarette smoking (cigarettes/day). Alcohol consumption was determined using time-line follow-back interviews (Jacobson et al. 2002 (Jacobson et al. , 2017 . The current sample consisted of women who reported use of methamphetamine on at least 2 occasions per month during pregnancy. The control group included women who did not use illicit drugs other than marijuana. All but one control abstained from alcohol use during pregnancy; one control drank only 1-2 drinks on 2 occasions during the pregnancy).
Informed consent was obtained from each mother at recruitment and at the laboratory and neuroimaging visits. Approval for the study was obtained from the ethics committees at Wayne State University and the Faculty of Health Sciences of the University of Cape Town.
Scanning
Newborns were scanned without use of sedation following procedures developed by PW, SJ, and colleagues (Jacobson et al. 2017) (mean age at scan = 2.7 weeks, range = 1-5 weeks postpartum, with the exception of one infant, born at 31 weeks gestational age, who was scanned at 9 weeks of age). Scanning took place at the Cape Universities Brain Imaging Centre (CUBIC).
The infants were brought to CUBIC a minimum of 1 hour prior to scanning. During the pre-scan period the infants were weighed, head circumference and crown-to-heel length were measured, and a neonatal behavioral assessment was conducted by CM (Brazelton 1984) . The infant was then firmly swaddled and placed in a VacFix® vacuum cushion (S&S Par Scientific, Houston, TX) following an adapted protocol for neuroimaging of nonsedated neonates (Laswad et al. 2009 ). Earplugs were used to protect the infant from scanner noise. The infant was fed by the mother and allowed to fall asleep. A pulse and oxygen saturation monitor probe was secured to the infant's foot, and this was monitored during the scanning process by a developmental paediatrician, or by a research nurse, who remained in the scanner room with the infant throughout the procedure.
MRI scanning was performed using a Siemens 3T Allegra scanner. A circularly polarised bird-cage coil, custom-built for use with neonates, was used for transmission and reception of the signal. Two diffusion weighted imaging (DWI) sets with opposite (AP/PA) phase encoding directions were acquired with a twice refocused spin echo EPI sequence. For 5 infants (1 with methamphetamine exposure, 4 controls), the scanning parameters were as follows: TR 9500 ms, TE 86 ms, matrix 50 slices of 80 × 80 voxels, voxel size 2x2x2 mm 3 . The remaining infants were scanned using a similar DTI sequence which also included navigation for performing real-time motion detection and correction (Alhamud et al. 2012) , using the same scanning parameters as above, but with TR = 10,026 ms. In both navigated and non-navigated sequences, AP and PA acquisitions each contained four b = 0 s mm , TR 20 ms, TE 1.46/ 3.14/ 4.82/ 6.5/ 8.18/ 9.86/ 11.54/ 13.22 ms. Two sets were acquired, with flip angles of 5°and 20°, respectively.
Data processing and parameter estimation
DWI data were inspected visually for motion artifacts and dropout slices, and individual poor quality volumes were discarded. At least 12 DWIs remained for each infant; there was no difference between exposed and control groups in number of remaining DWIs (p = 0.815). Any scan which did not meet this threshold was excluded from further analysis. Motion and EPI distortion were corrected using FSL's eddy correct and topup tools ). DTs and tensor parameters such as FA, eigenvalues (L i 
/2) and directional eigenvectors (e i , i = 1,2,3) were estimated using AFNI (Cox 1996) .
For the anatomical images, individual echoes from the two flip angle acquisitions were combined using mri_ms_fitparms using FreeSurfer (Fischl et al. 2004) . From this, tissue parameters were estimated and a single image volume, with an optimal contrast flip angle of 24°, was synthesised.
Manual tracing of target regions of interest
Regions of interest were viewed and manually delineated using Freeview software (the FreeSurfer image analysis suite http://surfer.nmr.mgh.harvard.edu/; version 5.0) run on a Lenovo ThinkPad X220 tablet (see Fig. 1 ). The following ROIs were used bilaterally as targets for tractographic analysis: OFC, caudate, nucleus accumbens, putamen, hippocampus, and amygdala. The midbrain was also traced, as a single structure in the midline.
Caudate nucleus and nucleus accumbens (NAcc)
An oblique line from the inferior tip of the lateral ventricle to the midpoint of the inferior boundary of the internal capsule was drawn to separate the caudate and nucleus accumbens, while a line descending from the middle of the inferior border of the anterior limb of the internal capsule was taken to define the boundary between the putamen and the nucleus accumbens. Posteriorly, the caudate diminishes in size and eventually becomes difficult to define as the tail reaches the point where it curves inferiorly posterior to the thalamus. For this reason the posterior and inferior portions of the caudate were not traced.
Putamen
Tracing of the putamen was done in the axial or coronal planes on a slice by slice basis, as the junction of putamen and pallidum was generally most clearly seen in axial sections.
Hippocampus
The hippocampus was traced primarily in the coronal plane, with considerable guidance from views in the sagittal plane. It can be seen in sagittal sections within the temporal lobe as a sausage-shaped structure. More anteriorly in the coronal plane the hippocampal head appears, and the structure becomes large and rounded.
Amygdala
The amygdala is located anterior to the head of the hippocampus. It is bounded in its anterior, inferior and lateral aspects by white matter, and postero-inferiorly by the hippocampus and the tip of the lateral ventricle. The tracings of the amygdala were done in all three planes, as it was difficult to see in its entirety in any one plane.
Midbrain
The region described as midbrain included the complete midbrain (as defined anatomically), encompassing tectum, tegmentum, and crus cerebri. The lower border corresponded with the mesencephalic/ pontine boundary at the upper border of the basilar pons. Superiorly, care was taken to exclude the subthalamic area which is easily identifiable in neonatal brains.
Orbitofrontal cortex
The OFC was defined as that area of cortex situated on the inferior surface of the frontal lobe. Its anterior and lateral borders were defined by the hemispheric edge where the lateral and inferior frontal surfaces meet. Its posterior boundary was defined by the posterior edge of cortex on the inferior surface. The OFC was traced in one control subject, following which nonlinear registration was performed between the b0 reference volume of this subject and each of the others in the study using AFNI's 3dQwarp. The calculated transformation was then applied to map the ROIs into each subject's native diffusion space.
Tractographic analysis
Probabilistic tractography was performed using the FATCAT software in AFNI (Taylor and Saad 2013) . Local uncertainties in DT eigenvectors and FA were estimated with FATCAT, and probabilistic tractography was performed using 3dTrackID, which uses repeated iterations of whole brain tracking with the FACTID algorithm (Taylor et al. 2012) to estimate the most likely locations of white matter connections between pairs of targets. The tract propagation parameters were as follows: maximum Bturning^angle of 55°, through voxels with FA > 0.1, which is the standard threshold for FA as a proxy for white matter in infants . 5000 iterations of whole brain tracking were performed, and all voxels through which more than 500 tracts passed to connect a pair of targets were included to create white matter connections (WMCs) associated with each pair of targets. The mean and standard deviation of the DTI parameters FA, AD and RD for each WMC were automatically calculated by the FATCAT tracking function. Only WMCs found between the same pairs of targets in all subjects Fig. 1 Traced ROIs used as targets for probabilistic tractography, shown in sagittal view in upper panels, and coronal and axial views in left and right lower panels respectively in SUMA (Saad and Reynolds 2012) . 1) orbitofrontal cortex; 2) hippocampus; 3) amygdala; 4) caudate nucleus; 5) putamen; 6) nucleus accumbens; 7) midbrain. Regions are numbered in one hemisphere only but were traced bilaterally were included for further analysis, in order to compare properties of similar locations of the WM skeleton.
Statistical analysis
Statistics were performed using IBM SPSS Statistics (version 23; IBM, Armonk, NY). Acquisition sequence (navigated or non-navigated) was included as a confounding variable in all models. Additionally, 10 control variables were examined as potential confounders: maternal alcohol use (in units of absolute alcohol consumed per day across pregnancy), marijuana use (days per month during pregnancy), and cigarette smoking during pregnancy (number of cigarettes per day during pregnancy); maternal education (number of years completed), marital status (married/unmarried), parity, and socioeconomic status (Hollingshead 2011 ) (SES); and infant sex, gestational age at scan (in weeks), and birth weight (grams).
All variables were examined for normality of distribution, and outliers more than 3 standard deviations from the mean were transformed by recoding to one unit greater than the next highest value (Winer 1971) ; this transformation was applied to the methamphetamine, alcohol, marijuana and cigarette smoking exposure measures. Sample characteristics were compared between exposed and control groups using t-tests for continuous variables and chi-square tests for categorical variables. Sample characteristics were also compared between subjects whose scans were included in the tractographic analyses and those whose scans were discarded owing to poor quality or excessive motion.
Analysis of covariance (ANCOVA) was used to compare mean FA within each WMC between exposed and control groups, adjusting for acquisition sequence. Control variables associated with the FA (p < 0.05) within each WMC were added in a second ANCOVA to adjust for potential confounders. For WMCs in which group differences in FA were significant, differences in mean values of AD and RD were examined using the same procedure. AD and RD were also analysed within the WMCs in which FA differences fell short of significance (0.10 > p > 0.05) as exploratory analyses to reduce the risk of Type 2 error given the small sample size.
Regression analyses were used to investigate potential associations between a continuous measure of methamphetamine exposure (number of days/month of pregnancy that methamphetamine was used by the mother) and structural WM properties (e.g., mean FA in each WMC), adjusting for acquisition sequence. WMCs in which FA was significantly related to prenatal methamphetamine exposure and those where the association fell just short of significance (p < 0.10) were then examined further by means of hierarchical multiple regression with best estimate approach. Confounding variables related to FA (p < 0.05) were entered individually (starting with the most strongly related to FA in the tract of interest and proceeding to the weakest). Variables which altered the standardized regression coefficient for methamphetamine by less than 10% at step of entry were omitted from the final model. WMCs in which a significant or trendlevel (p < 0.10) association between FA and methamphetamine exposure was observed were further analysed in hierarchical regression analyses in relation to AD and RD.
Results
Sample characteristics
The study sample consisted of 23 infants, 11 (5 male) with methamphetamine exposure and 12 (7 male) non-exposed controls. The demographic characteristics of the sample are summarised in Table 1 . Of the maternal background characteristics, only maternal education was significantly different between groups, with mothers in the methamphetamine group having completed about 1 year less education than those in the control group.
In comparing substance use, there were no significant alcohol or drug between-group differences except (as planned) for methamphetamine. Mean cigarette use by the mothers of the exposed group was somewhat higher than that of the control group.
Seventeen additional subjects were scanned but did not achieve an acceptable scan quality owing to excessive motion during the scan or high levels of motion artifact during initial or later processing, and were thus not included in the tractographic analysis. Sample characteristics were compared between infants whose scans were analysed and those whose scans were discarded (see Table 2 ). There were no between group differences for any demographic or substance exposure variables.
Tractographic connections
Probabilistic tractography yielded 31 WMCs between target ROIs that were common to all infants. These are defined by the pair of target ROIs connected by each WMC and are shown in Table 3 , along with the mean and standard deviation of FA, AD and RD for each region. For visualisation purposes, Fig. 2 displays a set of mini-probabilistic fibre tracts generated between the pairs of traced ROIs in one control infant brain (Taylor et al. 2015) .
Comparison of mean WMC parameters between the methamphetamine and control groups
The comparisons of mean FA in WMCs of methamphetamine exposed and control infants are shown in Table 4 . Regions showing at least trend-level significance (p < 0.10) are shown, with significant associations (p < 0.05) highlighted. With the inclusion of acquisition sequence as an obligatory control variable, mean FA was observed to be significantly lower (p < 0.05) in the methamphetamine group in 4 WMCs: midbrain -left putamen, left putamen -left OFC, right putamen -right OFC, and right putamen -right amygdala. After controlling for additional potential confounding variables (listed in Table 3 ), the FA reductions in the midbrain -left putamen, right putamen -right OFC, and right putamenright amygdala remained significant. To further investigate the structural changes, AD and RD values were compared between groups in the same regions showing FA differences. Table 5 shows the results of the comparison of mean RD in WMCs that showed significant or near significant differences in mean FA between groups. Increased RD in the methamphetamine group was observed in two WMCs (midbrain -right caudate and right putamen -right OFC). Following the addition of potential confounding variables, only increased RD in the midbrain -right caudate connection continued to be significant. No significant differences were observed in mean AD between methamphetamine exposed and control groups at any stage of the analysis in any WMC (all p's > 0.10).
Regression of tract parameters on methamphetamine exposure
To compare WM structural properties with the quantitative degree of exposure, mean FA values in each of the WMCs Table 6 . Linear regression including acquisition sequence as a confounding variable confirmed the group contrasts in all WMCs except the midbrain -left putamen connection and revealed significant associations of increasing methamphetamine exposure with reduced FA in 5 additional connections: midbrain -right caudate; midbrain -right putamen; left NAcc -left OFC; right NAcc -right OFC; midbrain -right hippocampus. Potential confounding variables were included in subsequent regression analyses if they showed a correlation with FA in the relevant WMC at p < 0.05. After controlling for confounders, associations of increased methamphetamine exposure with FA reductions in 7 of the 8 WMCs survived.
The association of AD and RD with quantitative methamphetamine exposure was explored in each of the WMCs in which FA and exposure showed an association at p < 0.10. Linear regression including acquisition sequence as an obligatory control variable in all WMCs showed that increasing methamphetamine exposure was associated with increased RD in the left caudate -right caudate connection (β = 0.531, p = 0.016). After adjustment for potential confounders, this association between RD and methamphetamine remained significant, while two additional connections (midbrain -right caudate and midbrain -right putamen) fell short of White matter connections are defined by target pairs. OFC = orbitofrontal cortex. Results with at least trend-level significance (p < 010) are displayed. F acq = value controlling for acquisition sequence in the analysis; F conf = value controlling for acquisition sequence and relevant potential confounding variables; significant effects (p < 0.05) are highlighted in boldface. Age = gestational age at scan (weeks) Fig. 2 An example of representative white matter connection (WMC) structure generated using mini-probabilistic tractography connecting manually traced seed ROIs in one control infant brain. Full probabilistic tracking was used to calculate the WMCs used for statistical analysis. Colouration is by local tract direction, with left-right depicted in red, anterior-posterior in green, and inferior-superior in blue significance (p's < 0.10). A trend for association between increasing methamphetamine exposure and increased AD was observed in the left caudate -right caudate connection (p < 0.10) but no other associations between AD and methamphetamine exposure were observed in any connection at any stage of the analysis (all p's > 0.10).
Discussion
This is the first study to use DTI tractography to examine the microstructural effects of prenatal methamphetamine exposure on white matter connections between defined brain regions in neonates. As hypothesised, methamphetamine White matter connections are defined by target pairs. NAcc = nucleus accumbens; OFC = orbitofrontal cortex. Results with at least trend-level significance (p < 0.10) are displayed. Β acq = value controlling for acquisition sequence in the analysis; β conf = value following addition of acquisition sequence and significant confounding variables into analysis. Significant effects (p < 0.05) are highlighted in boldface. Age = gestational age at scan (weeks) White matter connections are defined by target pairs. OFC = orbitofrontal cortex. Results with at least trend-level significance (p < 0.10) are displayed. F acq = value when controlling for acquisition sequence in the analysis; F conf = value following addition of acquisition sequence and significant confounding variables into analysis. Significant results (p < 0.05) are highlighted in boldface. Age = gestational age at scan (weeks) exposure was shown to be associated with reduced FA in several WMCs involving striatal structures, the midbrain and the OFC. The right hemisphere appeared more strongly affected, with 7 right and 3 left hemisphere connections revealing methamphetamine-associated alterations in FA, notwithstanding that findings in neonates are generally Bwidespread,^giv-en that cognitive development and hemispheric dominance are as yet relatively unrefined. Effects of methamphetamine on other diffusion measures were less extensive. No significant effects were observed on AD -the maximum amount of DT-modelled diffusion in a voxel -alone. By contrast, RD (i.e. the average amount of diffusion perpendicular to the main axis in each voxel) was observed to be increased in association with methamphetamine exposure in a small subset of the connections showing reduced FA. Several of these results observed in neonates are consistent with previous studies examining white matter alterations in older infants and children with prenatal methamphetamine exposure. In a study of children (aged 6-7 years), methamphetamine exposure was associated with significantly reduced FA in the left external capsule and fornix, measured in the putamen, pallidum, hippocampus, amygdala and OFC regions (Roos et al. 2015) . Similarly, infants (aged 0-4 months) with combined methamphetamine/tobacco exposure were observed to have reduced FA in superior, anterior and posterior corona radiata (Chang et al. 2016) . Both of these studies also reported increased RD in the corresponding regions, in agreement with the findings of the current study. In the older cohort increased AD was also observed, although this was not found in the same regions which exhibited reduced FA (Roos et al. 2015) . Additionally, a number of DTI studies of adult methamphetamine users reported structural changes similar to those observed in the current study, with reduced FA noted in frontal white matter (Alicata et al. 2009; Tobias et al. 2010) and CC (Kim et al. 2009; Tobias et al. 2010) . While these populations have a different mode of exposure to methamphetamine (by direct usage rather than prenatally), it is interesting that similar WM effects are observed in both.
It should be noted, however, that two other studies of prenatal methamphetamine exposure reported WM changes that were contrary to those observed in the present study. Increased FA was observed in older children (9-11 years) with prenatal exposure to methamphetamine and alcohol in a number of white matter tracts, including the anterior and posterior limbs of the internal capsule, anterior corona radiata and genu of the corpus callosum, in the left hemisphere (Colby et al. 2012) . Similarly, reduced diffusivity was observed in frontal and parietal white matter in young children (3-4 years) with prenatal methamphetamine exposure ). Variations in methodology may account for these discrepancies, such as the use of voxel-based analyses rather than a tractographic approach as used in the current study. Additionally, no exposure data were reported for the study in which increased FA was observed (Colby et al. 2012) , raising the possibility that the exposure levels were lower than in the current study. In support of this explanation is the observation that mean cumulative exposure in the study which observed reduced diffusivity ) was considerably lower than that in which reduced FA was observed in neonates (Chang et al. 2016) .
The relations between structural and functional alterations in the brain and diffusion indices are complex and remain uncertain. Anisotropic water diffusion in neural tissue is primarily a product of intact axonal membranes, with the presence and integrity of the myelin sheath playing a modulating role (Beaulieu 2002) . FA is thus generally regarded as a measure of the structural coherence of the white matter under consideration (Taylor et al. 2015) , with higher FA reflecting greater restriction of diffusion and presumably more highly organised structure (Feldman et al. 2010) . FA reductions have been demonstrated in the white matter of subjects with neurodegenerative disorders, such as Alzheimer's disease (Duan et al. 2006 ) and in psychiatric conditions, such as schizophrenia (Tang et al. 2007) . FA changes may be a consequence of altered myelin extent or structure (Mori and Zhang 2006) , damage to the axon fibres (Assaf and Pasternak 2008) or changes in water content, such as in edema (Hüppi and Dubois 2006) . Reduced FA may be the result of increased RD or reduced AD, or a combination of alterations in both measures (Mori and Zhang 2006; Alexander et al. 2007) , and investigation of these indices can provide some elucidation as to the nature of the underlying pathology, as AD is generally more sensitive to axonal damage (Wu et al. 2007) , while RD changes have been shown to reflect changes in myelination (Song et al. 2005) .
As observed previously, in utero methamphetamine exposure was associated in the current study with reduced FA in a number of white matter connections. Investigation of the diffusion indices showed no significant changes in AD in any of the studied connections, and only a small subset of the regions with reduced FA exhibited increased RD in association with methamphetamine exposure. These findings indicate that exposure to methamphetamine reduced the integrity of the white matter in the studied neonates, and the changes in RD suggest that damage to or alterations in myelin may have played a role in this. In addition, in vitro methamphetamine treatment has been shown to induce apoptosis in oligodendroglial cells (Genc et al. 2003) , and in animal studies prenatal exposure to methamphetamine has been associated with reduced myelination and myelin content of white matter (Melo et al. 2006) . Given that RD changes were observed in only a small number of connections, however, these conclusions should be drawn with caution.
An additional consideration when interpreting diffusion data from infants, and one that adds considerable complexity, is that neural development is active and ongoing in neonates. Axonal organisation into fibre systems begins in the first trimester of pregnancy (Dubois et al. 2014) , and at birth most of the major white matter tracts are in place (Ouyang et al. 2015) . The process of myelination, however, is far from complete at birth ). In addition, white matter maturation is region specific: it appears to follow a caudal-torostral and central-to-peripheral progression, such that proximal pathways and central regions will be myelinated earlier and more rapidly than distal and polar ones (Dubois et al. 2014) . Myelination also tends to occur earlier in functional systems used earlier in life than those used later, so that sensory pathways and projection fibres mature sooner than motor and association connections . Anisotropy has been shown to be present in white matter prior to myelination (Beaulieu 2002) and is measurable even during gestation (Mitter et al. 2015) , but the rapid and anatomically non-uniform development of the white matter postnatally results in a natural shift in diffusion measures (Beaulieu 2002) . A variety of factors may play a role in this, including increased fibre diameter and cohesion of tracts, myelination, reduced brain water and denser axonal packing (Mabbott et al. 2006) . As the white matter tracts mature, FA tends to increase while AD and RD decrease (Qiu et al. 2015) . Given that in the current study methamphetamine exposure was associated with reduced FA, there is the additional possibility that these changes may be an indication of slower maturation of neonatal white matter. Delayed maturation of serotonergic neurons in the frontal cortex (Tavares et al. 1996) , and inhibited somatic and locomotor development (McDonnell-Dowling et al. 2014 ) have been observed in rats following treatment with methamphetamine in utero. This interpretation would be consistent with a previous study of infants with prenatal methamphetamine and tobacco exposure, which noted reduced FA and increased diffusivity in the corona radiata at 1 month, and demonstrated that the developmental trajectories of these indices were altered in comparison to healthy comparison infants (Chang et al. 2016) . However, as studies have observed diffusion and anisotropy differences in white matter of older children with prenatal exposure, it is unlikely that the changes observed are solely an indication of a delay in white matter development.
The basal ganglia are involved in regulating much of the activity of the frontal cortex, including motor function and a range of cognitive and emotional behaviours (Bonelli and Cummings 2007) . The OFC and its connections with the striatum and associated subcortical limbic regions are involved in motivation and reward (Rolls 2004) , and alterations in these regions have been suggested to underlie some of the behavioural dysfunction observed in addiction (Volkow and Fowler 2000) . The current findings of decreased FA in the orbitofrontal-striatal circuit and associated limbic and midbrain connections thus suggest that the damage induced by methamphetamine exposure is not limited to the cortex and subcortical grey matter structures but includes the white matter bundles connecting them. Damage to these circuits has significant functional implications. Microstructural damage to the orbitofrontal-striatal circuit has been demonstrated in individuals with a clinical diagnosis of attention deficit hyperactivity disorder (ADHD) (Wu et al. 2014; Gau et al. 2015) and reduced generalised FA in the orbitofrontalstriatal connection has been associated with increased inattention (Wu et al. 2014; Gau et al. 2015) , impaired executive function and severity of clinical symptoms (Shang et al. 2013) in children with ADHD. Children with prenatal methamphetamine exposure have a significantly increased incidence of ADHD (Piper et al. 2011 ) and increased measures of ADHD clinical symptoms (Kiblawi et al. 2013) . Prenatal methamphetamine exposure has also been associated with significantly poorer performance on tasks of sustained attention (Chang et al. 2004 ) and inhibitory control (Derauf et al. 2012 ) and increased risk of neurobehavioural disinhibition (Himes et al. 2014) . A recent study of 6-to 7-year-old children with prenatal methamphetamine exposure showed significant impairments in a range of cognitive domains associated with executive function (Kwiatkowski et al. 2017) . It is not unreasonable to speculate that alterations in the corticostriatal circuits, such as those demonstrated in the current study, play a role in at least some of the cognitive deficits exhibited by methamphetamine-exposed children.
There are certain limitations inherent in studies of prenatal drug exposure which may be addressed by investigating effects during the neonatal period. One such weakness is the influence of postnatal environment. Children who are exposed to methamphetamine in utero are often born into a disadvantaged environment (Piper et al. 2011; Derauf et al. 2012 ), which has itself been shown to exert a damaging influence on behavioural and neurostructural development (Avants et al. 2015) . The potentially strong confounding effects of the postnatal environment can, however, be controlled to a substantial degree by investigating exposure effects in neonates, as in the current study. An additional advantage of this study was the ascertainment of exposure parameters prospectively during pregnancy. The women whose infants were studied here were recruited during pregnancy, and methamphetamine and poly-substance use was assessed by maternal report on three occasions during pregnancy. This provides a significant advantage over retrospective studies of older children, in which accurate determination of maternal drug use during pregnancy is difficult, and permits a more accurate measure of frequency of methamphetamine use and a more informed quantitative analysis of its effects.
There are a number of limitations in the current study. The potential confounding effects of polysubstance exposure are almost inevitable in any study investigating prenatal drug effects (Sowell et al. 2010) . This is a significant concern, as exposure to alcohol, marijuana and tobacco has been shown to be associated with altered structure and function of the CNS (Liu et al. 2011; Taylor et al. 2015) . Some individuals in the control and methamphetamine-using groups in the current study reported drinking low levels of alcohol (median = 0 drinks/occasion) and smoking cigarettes (median = 4.3 cigarettes/day) and marijuana (median = 0 days/month). However, alcohol and marijuana use did not differ between groups. Although cigarette smoking was weakly related to methamphetamine use, it was not significantly different between groups, and the regression models adjusted for any potential confounding effects. Prenatal exposure to tobacco has been shown to increase FA in the frontal white matter (Jacobsen et al. 2007) , and women using methamphetamine have been observed to smoke more cigarettes than women who smoke but do not use methamphetamine (Chang et al. 2016) , so that the effect of cigarette smoking on infant white matter is likely to be compounded in the methamphetamine group. However, the accuracy of substance use recall permitted by prenatal recruitment and prospective interview during pregnancy enabled a quantitatively reliable measurement of these variables, and they were analysed as potential confounders and included where statistically relevant. The sample size was small, although comparable to that in a previous study (Roos et al. 2015) . For this reason, a less stringent p-value (0.10) was used to determine which WMCs were examined in the exploratory analyses, although we have focused primarily on those connections in which FA reached conventional levels of statistical significance in the Discussion. In addition, the significance level was not adjusted for multiple comparisons. However, the number of significant effects on FA in the regression analyses (Table 5 )-9 out of 31 WMCs (29.0%)-clearly exceeded the 5.0% expected by chance. Moreover, with a larger cohort more alterations might have reached significance. This is the first study, to our knowledge, to use DTI tractography to investigate methamphetamine-associated microstructural alterations in corticostriatal and limbic connections in neonates. The previous literature is equivocal, but the current results agree with findings of reduced anisotropy and increased RD in white matter connections in association with prenatal methamphetamine exposure and extend them to show that these changes are measurable in infants in the first postnatal month. These alterations may well underlie a subset of the cognitive dysfunction exhibited by children with prenatal methamphetamine exposure. Further investigations are essential to determine the extent to which methamphetamineinduced white matter damage is associated with functional deficits.
